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Introduction
For many years much attention has been directed towards the co-extraction of water to water immiscible organic solvents with hydrophilic inorganic ions, [1] [2] [3] [4] [5] [6] [7] [8] [9] including Li + , Na + , Ca 2+ , and Cland also with organic ions [9] [10] [11] having dissociated groups, such as -CO2
-and -NH3 + . Even water-immiscible organic solvents, such as nitrobenzene (NB), usually dissolve a considerable amount of water (e.g. 168 mM H2O in NB at 25˚C; 8 M = mol dm -3 ). Accordingly, the co-extraction of water with ions can be elucidated in terms of the selective hydration of ions in mixed solvents. 12 This is a key concept intimately related to important ion-transfer processes, not only in separation and detection systems (e.g. solvent extraction, membrane transport, ionselective electrodes), but also in biological systems (lipid membrane, ion channels, etc.). In recent years the co-transport of water by ions has been dealt with by molecular dynamic simulations. [13] [14] [15] In solvent-extraction studies, [1] [2] [3] [4] [5] [6] [7] [8] 10, 11 the number (n) of water molecules co-extracted with an ion was determined by the Karl Fischer method. However, it has frequently been asked whether the ion is really bound to water molecules in organic solvents. The answer was given by a 1 H NMR study 16 on the selective hydration of anions (X -= Cl -, Br -, I -, NO3 -, ClO4 -, SCN -) in deuterated NB (NB-d5); the chemical shift of water protons changed to lower magnetic fields with the addition of X -, giving evidence for ion-water interactions. It was also found that the selective hydration of anions can be elucidated in terms of a successive reaction mechanism: X -(H2O)m-1 + H2O X -(H2O)m (m = 1, 2, 3, ···). Thus, the observed hydration number (i.e. the n value) does not need to be an integer, since it is always given as an averaged value over several species in different hydration states.
The important role of water molecules in the Gibbs energy of transfer of hydrophilic ions between two immiscible liquids was discussed by Osakai and Ebina 17, 18 and Sánchez et al. 19 based on a model in which a hydrophilic ion transfers across the organic solvent (O)/water (W) interface as a hydrated ion. The model gave a better account of the transfer energies of hydrophilic ions than the previous models in which the role of the hydrated water molecules was not taken into consideration. Recently, the entropy of ion transfer across the NB/W interface was accurately determined for various ions by means of a W/O/W thermocouple, 20 which showed the importance of hydrated water molecules in determining the transfer entropy of relatively hydrophilic ions (Na + , K + , Br -, etc.). For gaining further insight into the mechanisms of selective hydration of ions, it seems to be important to examine the temperature dependence. However, to the authors' knowledge, there has been only one report by Rais et al., 21 in which the temperature dependence of the extraction of alkali metal dipicrylaminates into NB is discussed in terms of the temperature dependence of the water solubility in NB.
In the present study we have focused on Na + and have examined the temperature dependence of the number of cotransported water molecules per Na + ion (i.e. the n value). Previous studies show that the Na + ion co-transports as many as four water molecules at 25˚C. However, additional 1 H-NMR measurements revealed that the strong increase in water solubility in NB actually overcomes the unfavorable entropy effect, and increases n with the temperature.
Experimental

Chemicals
Sodium dipicrylaminate (NaDPA) was purchased from Tokyo Kasei Kogyo Co., Ltd. and dried under reduced pressure for at least 5 h before use. Analytical-grade NB was treated before use with activated alumina (Wako Pure Chemical Industries, Ltd.; 200 mesh for column chromatography). All other reagents were of analytical grade and used without further purification.
Distribution experiments
Aqueous solutions of 0 -20 mM NaDPA, which contained 0.1 M NaCl to prevent the formation of microemulsions, were prepared; the pH was adjusted to 10 with NaOH. A 10 mL aqueous solution and pure NB of the same volume were put in a glass bottle (25 mL) with a Teflon cap, shaken in a water bath thermostated at 6, 15, 25, 35, 45, 55, or 65˚C for 3 h, and then separated by allowing to stand for at least a half day. A preliminary experiment showed that these operations achieved the distribution equilibrium. The aqueous phase was pipetted off from the glass bottle directly when placed in a water bath, and an aliquot of the aqueous solution was subjected to a spectrophotometric determination of DPA -(ε = 2.61 × 10 4 at 428 nm); 8 the aqueous solution was appropriately diluted in advance to prevent the solution from becoming turbid, probably due to microemulsion formation. Then, an aliquot (0.5 mL) of the NB phase in the bottle was slowly drawn off using a microsyringe and subjected to a determination of the water concentration by means of a Karl Fischer coulometer (Kishida Chemicals CA-20).
H NMR measurements
Dried NaDPA was dissolved in NB-d5 (supplied by Isotec Inc.; 99.5% atom D) at different concentrations (0 -20 mM); the solvent was dried in advance with a molecular sieve (4A; Wako). Using these solutions, sample solutions containing more than 10 different water concentrations were prepared, as described previously. 16 For each sample solution, the 1 H NMR spectrum was measured at 25, 35, and 45˚C at 400 MHz on a JEOL λ-400 NMR spectrometer. The proton chemical shifts were recorded in ppm with tetramethylsilane (TMS) as an internal reference. Other details were described previously. 16 
Results
Distribution experiments
The pioneering work of Rais et al. 1, 21, 22 showed that in the extraction of 1:1 salts into sufficiently polar solvents, such as NB, the ionic association is not significant and the extraction equilibrium is given essentially by the distribution of ionic forms between the two phases. This is the case for the extraction of NaDPA, as also shown by our previous study, 8 where the ionic association was completely ignored. By way of precaution, however, previous rigorous treatments 1, 21, 23 considering a possible ion pair (Na + ·DPA -) in the O phase were performed.
The distribution ratio of dipicrylaminate is expressed as
where Kex and KD are the extraction constant of NaDPA and the dissociation constant of the ion pair, respectively, which are defined by
and KD =
In the above equations, the brackets 
where GDPA is the molar quantity of dipicrylaminate initially added to the W phase, and vW and vO are the volumes of the W and O phases, respectively (here, vW = vO = 25 mL). 21 though the ionic strength is different for the two studies.
From the slopes of the linear plots in Fig. 1 , Kex was evaluated to be 6.9, 4.7, 4.5, 2.9, 2.3, 2.3, and 1.9 at 6, 15, 25, 35, 45, 55, and 65˚C, respectively. The intercepts of the linear plots (i.e., Kex/KD) gave ion-pair formation constants, KA (= 1/KD), ranging from 47 to 91 M -1 . However, these values seem to be rather overestimated, since they are subject to a considerable error, as pointed out previously. 21 Practically negligible ion-pair formation (i.e., KA < 5 M -1 at 6 -45˚C) of NaDPA in "watersaturated" NB has been confirmed by conductivity measurements using the reported method. 10, 24 Using the thus-determined Kex values, the quantities of -RTln Kex (R, gas constant; T, absolute temperature) were plotted against T, and a good straight line with the correlation of 0.999 was obtained. Based on a general relation, -RTln Kex = ∆G* = ∆H* -T∆S*, the standard enthalpy and entropy for the extraction of NaDPA were evaluated as ∆H* = -19. The standard entropy of transfer of Na + from NB to W The water concentration in NB, determined by the Karl Fischer method, increased linearly with the equilibrium concentration of Na + in NB at all temperatures, as previously observed at 25˚C. 8 From the slope of a linear plot at each temperature, the n value of Na + was determined, based on knowledge that the hydrophobic DPA -ion has no ability to transport water to NB. 8 As shown in Fig. 2 , the n value increased from 3.1 (6˚C) to 5.2 (65˚C). Figure 3 shows a typical NMR spectrum, which was obtained for a 2.5 mM NaDPA NB-d5 solution containing 121 mM H2O at 25˚C. As can be seen in the figure, the water protons always appeared as a singlet, showing that the exchange of water molecules between the free and Na + -bound forms is very fast. Under these conditions, the chemical shift of water protons should change with the distribution of water molecules between the free and ion-bound forms. The assignments of other signals are as follows. The signal at 8.8 ppm is due to the protons of DPA -and those around 7.5, 7.7, and 8.1 ppm are assigned, respectively, to m-, p-, and o-protons of the benzene ring of NB that remained undeuterated.
H NMR measurements
In Fig. 4 , the chemical shift of water protons, δ [ppm], is plotted against the total (i.e., added) water concentration, [H2O]total, for three different concentrations of NaDPA (i.e., Na + ) at 25˚C. Similar plots were also obtained at 35 and 45˚C. As can be seen in Fig. 4 , the chemical shift of the water protons increased with increasing ion concentration. Such a dependence is analogous to that observed for inorganic anions 16 (Cl -, Br -, I -, etc.), and could likewise be simulated by assuming successive hydration: Na + + H2O Na + (H2O), Na + (H2O) + H2O Na + (H2O)2, Na + (H2O)2 + H2O Na + (H2O)3, ···
In this mechanism the observed chemical shift of water protons is given by
where δm (m = 1, 2, 3,···) is the intrinsic chemical shift for an mhydrated ion, Na + (H2O)m, and Km is the successive formation constant of the m-hydrated ion, defined by Km = (m = 1, 2, 3, ···).
In Eq. (7), the term δblank represents the chemical shift for a "blank" solvent, i.e., NB-d5 containing no ions. Since it was reported that water exists as a monomer or dimer in NB, 25 we assumed a monomer-dimer equilibrium: (2) 15, (3) 25, (4) 35, (5) 45, (6) 55, and (7) 65˚C. Fig. 2 Temperature dependence of the n value of Na + . Fig. 3 1 H NMR spectrum of 2.5 mM NaDPA in NB-d5 containing 121 mM H2O at 25˚C. Accordingly, δblank is given by
where δmono and δdi are the intrinsic chemical shifts of the monomer and dimer, respectively, and Ks is the monomer-dimer equilibrium constant for water in NB,
The Ks value was reported to be 1.054 M -1 at 25˚C. 25, 26 Using Eq. (10) with this value, the experimental data shown by the crosses in Fig. 4 were simulated well with δmono (= 2.40 ppm) and δdi (= 2.87 ppm) as fitting parameters. 16 Unfortunately, however, there are no data available on the Ks values for other temperatures. Therefore, the value of 1.054 M -1 was also employed for the Ks values at 35 and 45˚C. Although the true values would be somewhat different, a deviation on the order of 20 -30% hardly influenced the results of the theoretical analyses described below.
The terms in Eqs. (7) and (10) ]total is the total concentration of Na + . Based on the above equations, the experimental data, as shown in Fig. 4 , were fitted to theoretical curves by assuming m = 1 -6. The detailed method of calculation was previously described. 16 As shown in Fig. 4 , a satisfactory agreement was obtained between the experimental and theoretical curves at all temperatures, giving the values of Km, δm, etc. as listed in Table 1 .
It should be noted that the values of Km and δm were obtained
as adjusting parameters, and that as many as twelve parameters were used for each temperature. Accordingly, these parameters could not be uniquely determined; a set of parameters obtained for each temperature should be regarded as one of the best parameter sets that could give us a satisfactory result of the curve fitting. Although this prevents us from examining those parameters closely, we would like to claim that there is a notable tendency of Km to decrease with the temperature. This agrees with our expectation that hydration would generally be an entropically unfavorable process. Regarding the δm values, no marked dependence on the temperature was observed. The curve-fitting analyses mentioned above have clearly shown that the selective hydration of Na + in NB can be elucidated in terms of the successive reaction mechanism. A one-step reaction mechanism 16 (e.g. Na + + 4H2O Na + (H2O)4) could not be used to elucidate the dependence of δ shown in Fig. 4 .
The average hydration number of Na + was calculated using ‹n› = ,
where [Na + (H2O)m]sat represents the concentration of the mhydrated ion in the water-saturated solvent. As can be seen in Table 1 , the ‹n› values are in reasonable agreement with the n values determined by the Karl Fischer method, though the former are somewhat larger than the latter.
Discussion
The results of the present distribution experiments are basically in line with those reported by Rais et al. 21 The negative value of ∆S* (= -48. into NB is entropically unfavorable, or suppressed with increasing temperature. As shown above, the negative ∆S*-value comes from the contributions of both Na + and DPA -; note again that -∆S* = ∆S tr,Na+ o,O→W + ∆S o,O→W may suggest some sort of a breaking effect on the water structure. As discussed in a recent paper, 20 this is probably because the highly organized structure of water molecules in the first solvation shell around Na + would be maintained even in water-saturated NB. The water-structure making in the first solvation shell should contribute to the hydration entropy, but appears not to contribute to the transfer entropy. With regard to DPA -, the positive entropy change for its transfer from NB to W is curious because a strongly hydrophobic ion, such as tetrabutylammonium ion, generally acts as a structure promoter in water. 27, 28 It appears likely that a structural similarity of DPA -and NB results in a structure promotion or structurestabilizing effect of DPA -in NB. The Karl Fischer measurements have shown that the hydration number of Na + in NB increases with the temperature, as shown in Fig. 2 . This result is seemingly curious, because hydration or solvation would generally be an entropically unfavorable process. In fact, an analysis of the NMR chemical shifts has shown that the successive hydration constants (Km) of Na + in NB tend to decrease with the temperature (Table 1) . However, the concentration of water saturated in pure NB has a much stronger temperature dependence due to the mixing entropy, as shown in Fig. 5 . We then employed the Km values to calculate the distribution of Na + ions in several hydration states, as a function of [H2O]total for three different temperatures (Fig. 6) . Reflecting the temperature dependence of Km, the fractions of more highly hydrated ions at a definite water concentration decrease with increasing temperature. Nevertheless, at the water concentrations where NB containing 5.0 mM Na + is saturated with water (i.e., [H2O]total = 186, 229, and 290 mM at 25, 35, and 45˚C, respectively), more highly hydrated ions appear to become more dominant with increasing temperature. Thus, the effect of the mixing entropy is so strong that it overcomes the decrease in Km with temperature, resulting in an increase in the apparent hydration number with increasing temperature (Fig. 2) . ANALYTICAL SCIENCES OCTOBER 2003, VOL. 19 
